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Importance of rain evaporation and continental
convection in the tropical water cycle

John Worden', David Noone?, Kevin Bowman' & the Tropospheric Emission Spectrometer science team and data

contributors*

Atmospheric moisture cycling is an important aspect of the Earth’s
climate system, yet the processes determining atmospheric humid-
ity are poorly understood'™. For example, direct evaporation of
rain contributes significantly to the heat and moisture budgets of
clouds’, but few observations of these processes are available®.
Similarly, the relative contributions to atmospheric moisture over
land from local evaporation and humidity from oceanic sources are
uncertain®’. Lighter isotopes of water vapour preferentially evap-
orate whereas heavier isotopes preferentially condense® ' and the
isotopic composition of ocean water is known. Here we use this
information combined with global measurements of the isotopic
composition of tropospheric water vapour from the Tropospheric
Emission Spectrometer (TES) aboard the Aura spacecraft'"'? to
investigate aspects of the atmospheric hydrological cycle that are
not well constrained by observations of precipitation or atmo-
spheric vapour content. Our measurements of the isotopic com-
position of water vapour near tropical clouds suggest that rainfall
evaporation contributes significantly to lower troposphere humid-
ity, with typically 20% and up to 50% of rainfall evaporating near
convective clouds. Over the tropical continents the isotopic sig-
nature of tropospheric water vapour differs significantly from that
of precipitation®'>"?, suggesting that convection of vapour from
both oceanic sources and evapotranspiration are the dominant
moisture sources. Our measurements allow an assessment of the
intensity of the present hydrological cycle and will help identify any
future changes as they occur.

Simultaneous profiles of HDO and H,O are obtained from TES
thermal infrared radiances between 1,200 and 1,350 cm ™ * using max-
imum a posteriori optimal estimation'> (Supplementary Informa-
tion). This approach allows for a precise characterization of the errors
in the ratio of singly deuterated water to water (HDO/H,O) and its
vertical resolution (see Supplementary Information). For this ana-
lysis, mean values of the isotopic composition (hereafter 3D, see
Methods) are calculated from averages of HDO and H,O between
550 and 800 hPa, where the estimated profiles of 8D are most sens-
itive. This average has a typical precision of 10%o in the tropics and
24%po at the poles'. Profiles of atmospheric and surface temperature,
surface emissivity, an effective cloud optical depth and cloud top
heightare also estimated from TES radiances'* and are used to stratify
4D in analysis presented here. Global observations from 50 evenly
distributed days between late October 2004 and March 2005 are used.
There are 1,150 observations per day, of which typically 400 are found
to be of suitable quality for this analysis'. The horizontal footprint of
each observation is 8 km by 5km.

A bias in the established HDO spectroscopic line strengths requires
a correction of 5% in the estimated HDO profiles and is uniform

across all observations. With this correction, the distribution of TES
0D measurements is consistent with comparisons to theoretical
modelling of infrared spectroscopic HDO line strengths, recent
aircraft measurements, values expected near the ocean surface,
and general circulation model simulations'®>. The bias correction
accounts for the a priori constraint and vertical resolution of the
HDO and H,O profile retrieval (see Supplementary Information).
Such a bias reduces the confidence one can place on absolute mea-
sures of hydrologic cycling derived from the data, but comparisons
between different subsets avoid the impact of the bias on findings.
For instance, the spatial distribution of observations shows a decrease
of both water vapour amount and 8D with higher latitudes that is
robust irrespective of the bias (Fig. 1). This so-called ‘latitude effect’ is
found also in measurements of 8D of precipitation and is due to the
preferential removal of heavier nuclides during condensation as
vapour is transported poleward® and because rainfall tends to equi-
librate isotopically to the background vapour as it falls'®'>*¢.

TES 8D vapour observations are plotted in Fig. 2a as a function of
H,0O volume mixing ratio (qu,0) to distinguish evaporation from
condensation processes and infer the water transport characteristics.
Theoretical considerations give 8D of vapour in equilibrium with
ocean water, which is shown in Fig. 2 as the black line which spans
sea surface temperatures from 5 to 25 °C. Bulk evaporation describes
turbulent mixing of vapour from the saturated layer at the ocean
surface into a drier air parcel aloft. The orange curves in Fig. 2 show
the evolution of 8D under continual evaporation towards isotopic
composition of ocean sources of different temperatures. In contrast,
a Rayleigh distillation model describes isotopic depletion as vapour is
lost to precipitation. The cyan curves show Rayleigh predictions
originating from a distribution of saturated oceanic vapour and
assume a condensation temperature 15 K colder than the ocean sur-
face (clouds at about 2.5km). A simple description of the atmo-
spheric water cycle is that any given observation of an air parcel
will reflect a history of evaporation and Rayleigh condensation and
therefore, as shown in Fig. 2a, lie between the theoretical extremes of
the curve for condensation from moisture originating over a warm
oceanic source and the curve for evaporation towards equilibrium
with a cold oceanic source.

A Rayleigh paradigm posits moist air to be less depleted than dry
air. This largely explains the extra-tropical oceanic observations seen
in Figs 2b and 3, where moist observations (in which the relative
humidity is larger than 80% and the cloud optical depth is larger
than 0.3) are partitioned from dry and clear-sky observations (in
which the relative humidity is less than 50% and cloud optical depth
less than 0.1). Figure 2b shows that the evaporation curves more
closely describe the dry air parcels while the Rayleigh condensation
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Figure 1| Global distribution of TES observations averaged vertically
between 550 and 800 hPa. a, Water vapour volume mixing ratio gu,o
(parts per thousand by volume, p.p.t.). b, HDO (3D relative to VSMOW).
Observations were made on 50 days between October 2004 and March 2005
at locations shown as dots in a. The data are gridded for plotting using a

curves more closely describe the moist air parcels. The difference
between moist and dry air parcels is shown more clearly in Fig. 3.
The extra-tropical dry air parcels are typically 16%o more depleted
than the moist air parcels. The standard error of the mean for the
extra-tropics is approximately 2%o. The overlapping distributions are
a reminder that any individual air parcel will have a history of both
evaporation and condensation.

In sharp contrast to the extra-tropical observations, the tropical
observations (Equator-ward of 20° latitude) are not described accur-
ately by the Rayleigh description of evaporation from an oceanic
source followed by condensation. Specifically, Fig. 3 shows moist
tropical points are more depleted than dry tropical points by 12%o,
with the standard error of the mean being 1%o. This excess depletion
is also observed in Fig. 2¢c where individual observations show more
depletion than do the set of possible Rayleigh curves. Over 99% of the
clear tropical data lie within the two end-member models describing
evaporation of a cold oceanic source at 5 °C and condensation from
an oceanic source at 25 °C. However, over half of the tropical moist
observations are more depleted than the Rayleigh condensation
curve. A similar feature, termed the ‘amount effect’, is found statist-
ically in monthly precipitation 8D measurements in regions of
intense rainfall and is often attributed to the evaporation of falling
rain near active convection®". The TES vapour results confirm this
rehydration mechanism by noting that the location of these anom-
alous observations corresponds to regions known for active convec-
tion (diamonds in Fig. 1b).

The role of rain evaporation can be understood by comparing
vapour observations to values predicted by a bulk mass balance iso-
tope model with differing rainfall evaporation fractions. The 8D is
modelled as an open system in which moisture gain via surface evap-

Cressman scheme with a mean effective radius of 500 km and a maximum
radius of 1,200 km. The data are masked where there are less than two
observations within 1,200 km. The diamonds in b show where the amount
effect is evident.

oration and advection from nearby is balanced by moisture loss via
precipitation (Methods and Supplementary Information). In the
model, some fraction of the rainfall is evaporated and returned to
vapour, thereby producing the amount effect. Such balance is
achieved only for adequately large regions in which the mean con-
vective activity is in approximate quasi-equilibrium relative to the
slowly evolving large-scale conditions>'®'. The initial 8D will vary
with the rain evaporation fraction (that is, the vertical displacement
of purple dots in Fig. 2c). Once the flux balance is broken, owing to
changes in the advective, precipitation or evaporation rates, the net
loss of water is accompanied by an isotopic evolution that follows a
Rayleigh-like distillation (purple curves in Fig. 2c), and explains how
moist tropical air parcels are more depleted than dry tropical air
parcels. The steep slope results from the additional fractionation
during rain evaporation and it is this which allows the final depletion
to exceed that predicted from a Rayleigh model.

As indicated in Fig. 2¢, very few observations require a modelled
rain evaporation fraction in excess of 50%, whereas a fraction of
around 20% passes through the centre of the distribution of cloudy
observations. A mean rain evaporation fraction of 20% is estimated
from our simple mass balance model (see Methods) by assuming that
no rain evaporation has occurred in the history of the clear-sky
observations and that the observed isotopic difference between
cloudy and clear-sky observations is 12%o (Fig. 3). This result is
sensitive to the specific assumptions about isotopic exchange and
the temperature of the ocean sources (here taken as 25 °C) but because
this estimate of 20% is constrained by using the difference between the
isotopic composition of the clear sky and cloudy observations (the red
and blue curves in Fig. 3), and not their absolute amounts, it is
not sensitive to the spectroscopic bias in the measurements. This
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Figure 2 | Scatter plots of 3D versus qu,o reveal underlying hydrologic
processes. a, Probability distribution of all data (colour shading shows the
percentage of the most likely value; the outer black contour envelops 95% of
the observations) with dots showing one in three observations. The orange,
cyan and purple curves and the purple dots show model predictions as
described in the Methods; they are derived in detail in the Supplementary
Information. Observations are separated by location as follows: b, oceanic

evaporation fraction estimate is consistent with the conservative
estimate of 30% based on a radar study in a semi-arid environment™
and values from climate model simulations®'. More importantly, the
isotopic distribution of moist and dry vapour as seen in Fig. 2¢ pro-
vides a new climatology with which to assess the cloud hydrology in
climate and mesoscale models.

Comparison of the isotopic vapour over continents to that over
ocean reveals a more complicated hydrologic cycle than is suggested
by a simpler system in which condensation is balanced by evapora-
tion. A conventional view inferred from isotopic measurements of
continental precipitation is that an air mass becomes disconnected
from the ocean source as it moves inland, and consequently the
vapour and precipitation becomes more depleted further inland
(the ‘continental effect’*?). In an apparently contradictory way,
Fig. 3b shows that continental vapour observations are typically less
depleted than the oceanic observations, especially over the Amazon
and tropical Africa (Fig. 1b). In addition to these anomalous values,
many tropical land observations also show an amount effect, in
which the moist air parcels are more depleted than the dry air parcels.
Consequently, the TES observations show that the conventional
Raleigh description of a disconnected condensing air mass is inad-
equate for describing processes controlling free tropospheric water
vapour over tropical land.

Two possible sources that can enrich the isotopic composition of
free troposphere terrestrial vapour relative to the ocean merit atten-
tion—oceanic vapour transported at low altitude inland and vapour
from evapotranspiration—both of which are then lofted into the free
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extra-tropics (poleward of 30°); ¢, oceanic tropics (Equatorward of 20°); and
d, tropical continental areas. Observations are for clear-sky (optical

depth < 0.2 and humidity < 50%, red symbols) and cloudy (optical

depth > 0.3 and humidity > 80%, blue symbols) conditions. The solid black
curve shows the isotopic composition of saturated vapour in equilibrium
with the ocean water for a range of surface temperatures as marked in °C
along the black line.

troposphere. There is a steep vertical gradient in the isotopic com-
position of water vapour®***, which follows the background thermal
structure because of the integrated history of condensation. As such,
air transported vertically by warm convection will be enriched rela-
tive to its surroundings. Vapour from evapotranspiration can be
further enriched relative to the oceanic vapour because there is no
net fractionation as soil water is extracted from the surface'>*.
Evidence for this source is found in those observations that are
enriched relative to oceanic vapour (that is, points above the black
line in Fig. 2 are almost all cloudy tropical continental points). The
amount effect also observed in the tropical land data occurs in
regions that are seasonally moist (for example, South America,
Southeast Asia). Vertical lofting of less-depleted vapour is found to
dominate in arid regions where the convective cloud systems are
expected to be characteristically different (for example, northern
Australia, east Africa). The widely disparate sources and cloud pro-
cesses over land highlight the need to account for the regional divers-
ity in the balance of competing processes that affect tropical
terrestrial hydrology.

Thus isotopic observations are powerful in diagnosing hydrologic
processes that are otherwise not well measured but are central to
understanding climate because they reflect exchange between water
phases rather than the state measured by conventional (non-iso-
topic) quantities. Specifically, the isotopic distribution provides a
metric for the intensity of the large-scale hydrological cycle through
the balances between the rate at which the vapour is restored to known
oceanic conditions by evaporation and boundary-layer mixing, and
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Figure 3 | Contrast between cloudy and clear sky ocean, and continental
observations. Zonal mean observed water vapour gy,0 (a) and 5D binned at
6° latitude (b). The data are stratified (as in Fig. 2) to be clear-sky ocean (red,
53% of observations), and cloudy ocean (blue, 27% of observations). All
land observations (black curve, green shading) represent 12% of
observations. The red, blue and green shaded areas are bounded by the 25
and 75 percentiles of each subset. Errors on the means in b range between 1
to 2%o for the data Equatorward of 50 degrees.

the rate at which water is removed by intermittent condensation
events. Should the intensity of the hydrologic cycle change®, isotopic
assessment provides a framework for interpreting which processes
and water sources are responsible.

METHODS

The isotope ratio is defined as R = gxpo/qn,0, where g is the volume mixing
ratio of HDO or H,O. Isotopic composition is expressed as 0D values, where:

. R
oD= <7 —1) x 1,000
Rysmow

Rysmow is the isotope ratio of Vienna Standard Mean Ocean Water reference
(3.11 X 10~ *). All mean 3D values are mass-weighted (that is, 3D refers to mean
qi,0 and mean gypo ). The foundation of isotopic analysis is that given adequate
knowledge of the fractionation processes which accompany water exchange
(evaporation, transport and precipitation), the history of the processes that acted
on a distribution of observed air parcels can be inferred from 8 D. Conversely,
should the behaviour of the water cycle be assumed, the details of the cloud
physics can be deduced from their different effects on 8D.
Isotope models shown as curves in Fig. 2 are derived from simple mass balance

equations:

Y_g pia

ot
where A is the advection rate, E is the evaporation rate and Pis the precipitation
rate. P may be written as the difference between the total condensation rate, C,
and the rainfall evaporation rate X (that is, P= C — X). Upon inserting expres-
sions for isotopic fractionation during exchange processes, general equations
governing the evolution of gypo and gy, o are written as the sum of three terms
(see Supplementary Information for details):

a 2
anto =7(¢— qm,0)—(1—f)C+A

dqupo f -
“ar =y1(Ryqs — qupo) —ocRC{ 1—— | +RA
€
where 7 is a bulk exchange coefficient for evaporation, g, is the saturation mixing
ratio at the ocean surface with isotopic composition in equilibrium with ocean

water R,, fis the fraction of rain evaporated, and R is the net isotopic composition

LETTERS

of advection. Isotopic fractionation during condensation is ¢ and during rain
evaporation is o, which accounts for both equilibrium and kinetic effects.
During evaporation from the ocean surface the parameter # accounts for kinetic
effects.

Although development of this model is straightforward, the simultaneous
inclusion of all terms in the hydrologic balances offers deeper insight to the
underlying effects of water cycling on the isotopic composition of atmospheric
vapour. This development therefore extends more conventional approaches that
consider single processes in isolation, which are derived here as simplifications.
Four special cases are considered: (1) only condensation is active (A, Eand X are
zero), which gives the Rayleigh model; (2) some fraction of the rain is evaporated
(A and E are zero), which gives a modified Rayleigh model; (3) only evaporation
from the surface is allowed (A, Cand X are zero), which gives evaporation mixing
lines; and (4) all terms are included but assumed to be at steady state (time
derivative set equal to zero). The addition of the advection term tends to dilute
the isotopic composition towards the assumed isotope ratio of the advected
moisture. These different assumptions lead to different curves in 0—q space (as
in Fig. 2) owing to the different degrees to which isotopic fractionation is
expressed (detailed descriptions of these models are given in the
Supplementary Information). In Fig. 2, cyan curves show Rayleigh distillation
to liquid (o, = 1.105, solid) and ice (o~ 1.163, dashed). The orange curves
show evaporation mixing lines that originate from vapour in equilibrium with
the ocean surface with given temperature (black curve). The purple dots in Fig. 2¢
show the steady state model with subsequent modified Rayleigh distillation
(purple curves) for the given rain evaporation fraction. Fractionation during
rain evaporation of condensate is taken as o, = 1.098 and 1 = 0.995.

The rain evaporation fraction can be estimated using the mass balance model
by assuming steady state, and solving for fbased on the mean tropical values for
qn,0 and dD. Specifically, the mass balance is written for cloudy and clear-sky
conditions, and assuming the difference between the distributions is due solely to
the rain evaporation. The mass balance shows that the isotopic composition of
tropospheric vapour over land cannot exceed the isotopic composition of
vapour in equilibrium with ocean water unless there is an enriched water source,
such as the supply of soil water by evapotranspiration. In the calculation of f, we
take y=1.157X 10 °s" ' and C=8mmday ', and A varies from 0 to
8 mmday ' given the observed constraints on gy,o and & from Fig. 3. For a
12%o difference between cloudy and clear-sky distributions that share the same
isotopic composition near 30° N and 30° S, an fvalue of 0.2 (20% rain evapora-
tion) is needed to gain balance.
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